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ADAPTIVE NONLINEAR STEERING
CONTROL SYSTEM AND METHOD FOR
WORK VEHICLES

TECHNICAL FIELD

The present mnvention relates generally to adaptive, nonlin-
car steering control during automated vehicle guidance
operation of work vehicles. In particular, the invention relates
to a nonlinear steering control system and method having
control laws that adapt 1n real time to include compensation
for nonlinearities and uncertainties associated with a steering
mechanism.

BACKGROUND ART

Global positioning system (GPS) based automated guid-
ance systems for maneuvering work vehicles traveling along
prescribed paths have found applications in precision farming,
operations to enhance productivity and reduce farming 1input
cost. A GPS based work vehicle guidance system with a
real-time kinematics (RTK) base station has achieved posi-
tion measurement accuracy of one inch 1n terms of the posi-
tion of GPS antenna mounted on the roof of the vehicle cab. A
GPS based work vehicle guidance system with differential
error correction signal from commercial satellites has
achieved position measurement accuracy of four inches 1n
terms of the position of GPS antenna mounted on the roof of
the vehicle cab. The measured vehicle position 1s used by a
GPS guidance algorithm to calculate a vehicle deviation from
a prescribed path. The calculated deviation 1s further used by
the GPS guidance algorithm to calculate a desired steering
action, 1.¢., a steering command 1n terms of steering angle or
steering rate, to correct the deviation and direct the vehicle to
the prescribed path. During an automated vehicle guidance
operation, the steering command 1s calculated periodically at
the same update rate as that of GPS signal, generating a time
sequence of steering commands 1n real time. Thereafter, a
steering control system executes the steering commands, by
actuation of the vehicle steering mechanism to the desired
steering action in order for the vehicle to track the prescribed
path.

A vision based automated guidance system uses visual
images in a forward-looking view field to identily vehicle
deviation from a desired path that 1s usually marked by row
crops. The i1dentified deviation 1s then used by a vision guid-
ance algorithm to calculate a steering command, 1.e., a
desired steering action, to correct the deviation and direct the
vehicle to the desired path. During an automated vehicle
guidance operation, the steering command 1s calculated peri-
odically at the same update rate as that of 1image processing,
generating a time sequence of steering commands 1n real
time. Thereafter, a steering control system executes the steer-
ing commands, by actuation of the vehicle steering mecha-
nism to the desired steering action 1n order for the vehicle to
track the prescribed path.

Known steering control techniques use conventional PID
control which 1s a combination of proportional, integral and
derivative control. The term PID 1s widely used because there
are commercially available modules that allow for the user to
set the values of each of the three control types. The PID
control law 1s able satisfactorily to meet the specifications for
a large portion of control problems, and the user simply has to
determine the best values of the three control types. However,
because PID control 1s based on linear system theory, 1t may
not satistactorily handle the full operating range of systems
with severe nonlinearity and uncertainty. As a steering
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mechanism for a work vehicle presents severe nonlinearity
problems and uncertainty problems, a conventional PID

steering controller can not deliver robust performance.

Uncertainties 1n the deadband and the gain value of the
steering mechanism may result from variations during the
manufacturing process, variations 1n hydraulic pump supply
pressure, variations of the ground resistance, and the like. As
a result, a conventional PID steering control system requires
field calibrations of control parameters, such as varying dead-
band values and gain values so that the control system per-
torms well with particular components of the steering mecha-
nism and condition of a field. This calibration 1s typically
required upon replacement ol components of the steering
mechanism, and re-calibration may periodically be required
to compensate for changes 1n the steering mechanism due to
wear and the like. This calibration requirement 1s time con-
suming and usually frustrating for a non-technically oriented
operator. Because PID steering control determines steering
performance during normal steering operation, a robust con-
troller with good performance 1s desirable.

Conventional PID steering controllers are designed to
achieve zero error and continue to make steering corrections
back and forth 1n opposite directions around zero error even
when the steering error 1s very small. For example, due to
nonlinearities 1 an electro-hydraulic steering mechanism,
such as the deadband nonlinearity of a steering valve, these
steering corrections result in persistent directional switching
of the steering valve and considerable back and forth move-
ment of a steering valve spool even for very small steering
corrections. This zero-error control effort can also result 1n
persistent steering cylinder rod push-pull vibrations around
its regular course of movement. This means that a conven-
tional PID steering controller results in unnecessary acceler-
ated wear of the steering valve and steering cylinders.

In conventional PID steering control systems, dynamic
performance degrades due to saturation nonlinearities of a
steering mechanism when a steering error 1s large. The result-
ing response 1s typically slow with large over shoot and under
shoot as well as long settling time. Improved responsiveness
in the presence of large steering errors 1s desirable.

Therefore what 1s sought 1s a control system and method

that overcomes one or more of the problems or shortcomings
set forth above.

SUMMARY OF THE INVENTION

What 1s disclosed 1s a control system and method that
overcomes one or more of the problems or shortcomings set
forth above. Specifically the control system can deliver fast
response and high control accuracy in the presence of system
nonlinearities and uncertainties of a steering mechanism dur-
ing automated vehicle guidance operations for straight and
curved paths.

According to a preferred aspect of the invention, a work
vehicle having an automated vehicle guidance operation as
controlled by a digital control system 1s controlled by a non-
linear control system. The control system includes compen-
sation for nonlinearities inherent 1n a steering mechanism
used 1in controlling a steering angle of at least one wheel of the
work vehicle. The control system includes control laws
selected based on a steering angle error. The steering angle
error 1s defined as a function of a commanded steering angle
from the guidance operation and an actual steering angle of
the wheel. A tolerance control law 1s defined to zero a steering
mechanism command for use when the steering angle error 1s
within a predetermined range around zero. A saturation con-
trol law 1s defined to maximize the steering mechanism com-
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mand for use when the steering angle error 1s outside a pre-
determined range. A dynamic control law 1s defined including
deadband compensation, proportional, integral and derivative
control portions, and control signal limiting to produce the
steering mechanism command when the steering angle error
1s within predetermined ranges. In addition, the control sys-
tem reduces the intluence of the integral control portion of the
dynamic control law as a function of the steering angle error.
Once the steering mechanism command 1s determined, 1t 1s
output to the steering mechanism to effect a steering move-
ment to the vehicle.

In another aspect of the invention the actual steering angle,
as determined, 1s within a range of error as compared to the
steering angle of the at least one wheel under certain circum-
stances, and the predetermined range for the tolerance control
law 1s defined as a function of the range of error.

As a further aspect of the invention, the saturation control
law 1s defined as a function of estimated deadband, deadband
uncertainty and dynamic range characteristics of the steering
mechanism, and the predetermined range for the saturation
control law 1s defined as a function of the estimated dynamic
range characteristic of the steering mechanism.

According to yet another aspect of the invention, the
dynamic control law includes a compensation gain defined as
a Tunction of estimates of a steering mechanism gain and a
time constant of the steering mechanism, a compensation
pole at zero, and a double compensation zero defined as a
function of the estimate of the time constant of the steering
mechanism. The estimate of the steering mechanism gain 1s
based on a linearized characterization of an estimated
dynamic range of the steering mechanism.

Additionally, according to the invention, the tolerance con-
trol law steering mechanism command 1s selected when the
work vehicle 1s removed from the automatic vehicle guidance
operation.

Preferred apparatus of the system include, but are not lim-
ited to, a central processing unit for control system execution,
analog to digital converters for conversion of the actual steer-
ing angle and a manual override signal mput, an interface
between the vehicle guidance system and the control laws, a
nonvolatile memory for storing control system parameters,
and a program memory for storing the control system’s soit-
ware program.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts a representative work vehicle having an
automated vehicle guidance system and a steering mecha-
nism including nonlinearities for use with the present mnven-
tion;

FIG. 2 15 a top level block diagram 1llustrating intercon-
nections between control system components;

FIG. 3 1s a block diagram 1llustrating a preferred embodi-
ment of a steering control system of the present invention;

FIG. 4 A 1llustrates a steady-state characterization illustrat-
ing nonlinearities of the representative steering mechanism;

FIG. 4B illustrates the effect of deadband variation on
characteristics of the representative steering mechanism;

FIG. 4C illustrates the effect of steering mechanism gain
variation on characteristics of the representative steering
mechanism;

FI1G. 4D 1s a simplified block diagram model of the repre-
sentative steering mechanism;

FIG. 5A 1s a simplified block diagram of a dynamic control
law portion according to the present invention;
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FIG. 5B 1s an example control system design loot locus plot
of apreferred embodiment of the dynamic control law portion

of the present invention; and
FIGS. 6 A-6B depictatop level low diagram of the steering,
control system including control law selection logic.

DETAILED DESCRIPTION OF THE INVENTION

The mvention will be described with reference to FIGS. 1
through 6 wherein like numbers refer to like parts. FIG. 1
depicts a representative tractor 6 equipped with an automated
vehicle guidance system 10 and a global positioning system,
as represented by antenna 9, as part of an overall control
scheme. Real time steering control of tractor 6 uses informa-
tion from automated guidance system 10 such as a steering
mode command (AUTO or MANUAL) and a commanded
steering angle, and actual steering angle position as deter-
mined by a steering angle sensor 42 to produce a steering
mechanism command. This steering mechanism command
clfects steering of at least one wheel 16 actuated by a repre-
sentative electro-hydraulic steering mechanism 30, depicted
by a steering control valve 29 and a steering cylinder 31, 1n a
well known manner. Tractor 6 and electro-hydraulic steering
mechanism 30 are representative of the type of work vehicle
and steering mechamism for which the present invention 1s
contemplated, but 1t should be understood that it 1s contem-
plated that the invention can likewise be used with other types
of work vehicles and steering mechanisms.

According to the present invention, a robust, nonlinear
steering control system and method 20 having control laws
that adapt 1n real time to include compensation for nonlin-
carities and uncertainties of steering mechanism 30 1s pro-
vided. FIG. 2 1s a top level block diagram illustrating inter-
connections between system components. Steering control
system 20 recerves a commanded steering angle 8 from auto-
mated vehicle guidance system 10 and an actual steering
angle 12 from steering angle sensor 42 to produce a steering
mechanism command 14. Steering mechanism command 14
cifects movement of steering mechanism 30 producing
movement of wheel 16 to a steering angle 18.

FIG. 3 1s a block diagram illustration of a preferred
embodiment of steering control system 20 which 1s realized
in a microcontroller based embedded electronic steering con-
trol unit. Analog to digital converters 201, 202 are used to
digitize a manual override signal and actual steering angle 12
provided by steering angle sensor 42. A low pass filter 204
reduces actual steering angle measurement noise and analog
to digital converter quantization noise improving the quality
of the digital signal. Commanded steering angle 8 1s provided
by automated vehicle guidance system 10 as previously
noted. A group of control parameters 1s stored in a nonvolatile
memory 210 in the electronic steering control unit for imple-
mentation of steering control system 20 which includes a
tolerance control law 230, a dynamic control law 240, a
saturation control law 250, and control law selection logic
220. Control law selection logic 220 determines which con-
trol law to implement in real time, adapting to the nonlineari-
ties of the operation range of steering mechanism 30. The
adaptivity of steering control system 20 to the nonlinearities
of steering mechamism 30 1mproves steering control perfor-
mance significantly 1n terms of control accuracy and robust-
ness in comparison to conventional steering control schemes.

FIGS. 4A-4C 1illustrate typical nonlinearities and uncer-
tainties associated with electro-hydraulic steering mecha-
nism 30. FIG. 4A 1illustrates a representative steady-state
characterization of electro-hydraulic steering mechanism 30
which can be characterized by three ranges: a deadband range
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u ., a dynamic control range u ., and a saturation range u. , -
In deadband range u ,,, no steering action occurs in response
to steering mechanism commands. In dynamic range u..,
steering action occurs in response to steering mechanism
commands according to the curve. In saturation range u.
steering action remains at its maximum value 1n response to
steering mechanism commands. FIG. 4B 1llustrates the effect
of deadband variation on the characteristics of electro-hy-
draulic steering mechanism 30. Au , denotes the deadband
variation that shifts dynamic control range u-. to the left or
right. FIG. 4C illustrates the effect of a steering mechanism
gain k_ variation on the characteristics of electro-hydraulic
steering mechanism 30. Steering mechanism gain k_ 1s
defined as the slope of the straight line as a linearization of
dynamic control range u... The use of previous control sys-
tems has required individual calibration to maintain satisfac-
tory steering performance in the presence of deadband and
steering mechanism gain k. variations. FIG. 4D 1s a block
diagram representation of steering mechanism 30 based on
the characterization 1illustrated in FIG. 4A and linearization
shown 1n FI1G. 4C. A gain block 32 includes steering mecha-
nism gain k_. An inertia block 34 represents a simplified
dynamic characteristic of steering mechanism 30 1n response
to steering mechanism command 14 where a denotes the
reciprocal of the time constant of steering mechanism 30.
Integration block 36 performs a time integration of the steer-
ing rate do/dt producing steering angle o. In combination,
these blocks define a transfer function G(s) of steering
mechanism 30 for dynamic control range u .. with lineariza-
tion.

FIG. SA 1s a block diagram representation of dynamic
control law 240 including a dynamic compensator 242, a
deadband compensator 244, and a control signal limiter 246.

Dynamic compensator 242, according to the invention, 1s
defined in transfer function form as:

‘. (s + b)* (1)

)= b2s

Dynamic compensator 242 includes a compensation gain k _,
a compensation pole at zero, and a double compensation zero
at —b. Deadband compensator 244 1s provided to compensate

tor the deadband nonlinearity of steering mechanism 30, and
1s defined as follows:

(2)

where U, 1s an estimate of deadband range u , of steering
mechanism 30. Integral compensation associated with the
pole at zero of dynamic compensator 242 provides additional
deadband compensation when deadband compensator 244
under-compensates for deadband rangeu ,, ,1.e.,u , is smaller
than u_,, making steering control system 20 less sensitive to
deadband uncertainty. Compensation for the deadband non-
linearity 1s important because otherwise undesirable steering
angle errors can sustain at the same time when no steering
action occurs. Control signal limiter 246 1s provided to pre-
vent steering mechanism 30 from becoming overly ener-
gized. It limits steering mechanism command 14 to the range
of £U and 1s represented as follows:

Xo=s1gn(xy ) (1xy [+ 4;,)

Frax?

(3)

tor |x;| < U4,

{ xz 5
Udyn = .
Slgﬂ(.x2) ] Umax:- for |X2| > Umm:

Symbol u,,,, represents the output of dynamic control law
240. Symbol U_ represents the maximum control signal
and 1s defined as:

(4)

U e U st g+ AL,
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where U, and Au , are estimates of u,.. and Au ,,, respec-
tively, as shown 1n FIG. 4B.

As an 1illustration, the preferred embodiment of dynamic
control law 240, 1s applied to representative tractor 6 having
the noted estimated parameters that are measured, delineated
in the specification, or determined 1n another suitable manner.

Parameter Value

Em 20 deg./sec./Amp
a 10 sec™?

Uy, 0.4 Amp

Al 0.16 Amp

Upre 1.2 Amp

Symbols k, and 4 ware estimates of values of k  (see FIG.
4C) and a, respectively. The value of a represents a steering
mechanism time constant estimate of 0.1 second. Dynamic
compensator 242 having transfer function C(s) defined 1n
Equation 1 has a double-zero at —b set to -5. This leads to an
open-loop transfer function H(s) including dynamic compen-
sator 242 (C(s) and steering mechanism 30 model G(s) as
follows:

(1 +0.25) 1 (5)

s S(1+0.19)°

H(s) = C(s)- G(s) = k. k,,

for a = 10,6 =35

It 1s 1mportant to note that Equation 5 applies to system
operation 1 dynamic control range u .. with linearization, as
seen 1n FI1G. 4C, and does not apply to operation in deadband
u _, or saturation range u.,, Deadband and saturation com-
pensation 1s achieved by deadband compensator 244 and
control signal limiter 246, respectively.

FIG. 5B 1s aroot locus plot of the above open-loop transter
function H(s) with loop gain value k k_setto 40. Closed-loop
poles of the system are shown in square marks, and the
closed-loop poles that dominate system performance are the
pair of complex poles at —3.73+2.761 which give a damping
ratio of 0.804 and bandwidth of 4.65 rad/sec, or system 1ire-
quency f =0.74 Hz. Importantly, FIG. 5B illustrates a major
advantage of dynamic compensator 242. It 1s apparent {from
the root locus that as loop gaink k _ 1increases from 40 toward
oo, the dominant poles move along the plot towards -5 on the
real axis. Accordingly, a large variation 1in steering mecha-
nism gain k_ only results in changes of the damping ratio
from 0.804 towards 1.0 and the bandwidth from 4.65 towards
5.0 rad/sec. As compensated, the response remains stable and
well damped even 1n the presence of significant loop gain
changes. As a result, dynamic compensator 242 exhibits
robust performance 1n the presence of large variations of gain
k ., with the corresponding advantage that 1t requires neither
calibration of controller gain k for each steering control valve
29 of steering mechanism 30 and varying farming field con-
dition, nor recalibration of controller gain k _ after service or
replacement of steering control valve 29 of steering mecha-
nism 30.

Steering control system 20 1s implemented on a digital
controller running at a sampling rate of 1, =100 Hz. Dynamic
compensator 242, with transier function C(s), 1s implemented
digitally with the backward rectangular rule of numerical
integration. Since f >501 , the difterence 1n system response
between continuous domain dynamic compensator 242, with
transier function C(s), and 1ts discrete equivalent 1s negli-
gible. Replacing s with (z—1)/Tz in accordance with the back-
ward rectangular rule of numerical integration, the discrete
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equivalent transfer function C(z) for dynamic compensator
242 1s obtained as follows:

2k T k. 1—z1 (0)

k. - .
p T I T T T

Cz) =

Discrete transfer function C(z) leads to the following discrete
time response equation:

Ueyy (k T) _

k) = Cory((h = 1)T)

} (7)

k
Ko kT) + k.T T ke
b ] ﬂffrr( ) + Kt - ; affrr(f ) + sz ]

k=0,1,2,... for & <|Ce| = gy
Symbol T denotes a sampling period of the controller, T=1/1..
Symbols a.,,,, @,,; and @ ,,, denote a steering angle error,
steering angle error tolerance and steering angle error upper-
limit of dynamic control range, respectively. The overall dis-
crete time response for dynamic control law 240 1s defined by
the time responses for dynamic compensator 242 shown in
equation 7, deadband compensator 244 shown 1n equation 2,
and control signal limiter 246 shown 1n equation 3.
Tolerance control law 230 1s provided to minimize wear of
steering mechanism 30 during very small corrections of steer-
ing angle error o, which 1s defined as function of com-
manded steering angle 8 and actual steering angle 12. A
conventional closed-loop controller drives a plant towards the
commanded 1nput with a zero error. In the presence of non-
linearities such as those described heremabove for steering
mechanism 30, a conventional controller persistently makes
steering angle corrections back and forth 1n opposite direc-
tions around zero error when steering angle error o, 1s very
small. When operating in deadband range u ,, considerable
back and forth movement within steering mechanism 30 may
occur even for very small steering corrections. This zero-error
control effort can result 1 accelerated wear of steering
mechanism 30. To resolve this problem, tolerance control law
230 pauses actuation of steering mechanism 30 when steering
angle error o, 1s within a steering error tolerance range o.,_,,
la,,. |=a, ;, to eliminate unnecessary accelerated wear of
steering mechanism 30. Steering angle error tolerance o, ,
should be larger than the resolution of steering angle sensor
42 1n order to be executable, but small enough not to aifect
steering control accuracy by an uncorrected steering angle
error within tolerance range ., ,. In the 1llustrated example,
analog to digital converter 202 1s a 12-bit analog to digital
converter with a 5V reference voltage, and steering angle
sensor 42 has a measurement sensitivity of 44.44 mV per
degree, leading to a steering angle measurement resolution
a.,.. of 0.0275 degree. Steering angle error tolerance a. ; 1s

Fes

defined as follows:

{4afm for 12-bit A/D converter (3)
Xiof =

200 for 10-bit A/D converter

Tolerance control law 230 1s also implemented for manual
mode steering and 1s defined as follows:

Ut (KT) =0 (2)

for |{-’HEI"I"| = Qo

k
Z affrr(jT) = ()
=0

or manual mode steering
Symbol u,_, represents the output of the tolerance control law.
The steering angle error discrete integration term from equa-
tion 7 1s set to zero to eliminate the uncontrolled effect of time
accumulation of steering angle error o, to smooth transition
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of steering control system 20 from tolerance control law 230
to dynamic control law 240. It 1s contemplated that this dis-
crete mtegration term could be set to a small, but non-zero
value as well.

Saturation control law 250 sustains the maximum steering
rate of steering mechanism 30, stops discrete integration of
steering angle error ¢, to reduce the depth of saturation, and,
in the same manner as tolerance control law 230, eliminates
the uncontrolled effect of discrete integration of steering
angle error a._,  to smooth transition of steering control sys-
tem 20 from saturation control law 250 to dynamic control
law 240. Again, 1t 1s contemplated that this discrete integra-
tion term could be set to a small, but non-zero value as well.
Saturation control law 250 1s defined as follows:

(10)

Usat (kT) = Upmax

for |af€rr| > X dyn

k
Z wEFF(jT) =0
=0

Symbol u_ . represents the output of the saturation control
law, and a steering angle error upper-limit of dynamic control

range u ., 1s defined as:

Lps (11)

Y = o Th

FIGS. 6A and 6B depict a top level flowchart including
control law selection logic 220 for steering control system 20.
Control law parameters, which include, but are not limited to
k .a, Uz, 0 ,,Al0,,Kk b, and o, , are loaded from nonvola-
tile memory 210 during 1nitialization of the system and used
to compute o, as shown at block 50. Commanded steering
angle 8, actual steering angle 12, and steering mode are input
to steering control system 20 at block 52. Steering angle error
... 1s computed as shown at block 54 based on commanded
steering angle 8 and actual steering angle 12. Control law
selection logic 220 determines if tractor 6 1s being operated 1n
the manual mode at decision blocks 56 and 58. During
manual mode operation, tolerance control law 230 output 1s
selected at block 64. During automated vehicle guidance
operations, the magnitude of steering angle error o, .1s com-
pared to steering angle error tolerance «., ; at decision block
60. If the magnitude of steering angle error o, 1s within
steering angle error tolerance o, ;, then tolerance control law
230 output 1s selected at block 64. If the magnitude of steering
angle error a._,, 1s outside steering angle error tolerance c., .
then the magnitude of steering angle error c. . 1s compared to
steering angle error upper-limit . ;,,, at decision block 62. If
the magnitude of steering angle error .. 1s within steering
angle error upper-limit a,,, then dynamic control law 240
outputs are selected at block 66. If the magnitude of steering
angle error ¢ _,, 1s outside steering angle error upper-limait
A, then saturation control law 2350 output 1s selected at
block 68. At block 70 the selected control law command 1s
output to steering mechanism 30 to effect movement of wheel
16.

It will be understood that changes 1n the details, materials,
steps, and arrangements of parts which have been described
and 1llustrated to explain the nature of the imnvention will occur
to and may be made by those skilled in the art upon a reading
of this disclosure within the principles and scope of the inven-
tion. The foregoing description illustrates the preferred
embodiment of the imvention; however, concepts, as based
upon the description, may be employed 1n other embodiments
without departing from the scope of the invention. Accord-
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ingly, the following claims are intended to protect the mven-
tion broadly as well as 1n the specific form shown.

What 1s claimed 1s:

1. A method of nonlinear steering control of a work vehicle
during an automated vehicle guidance operation as controlled
by a digital control system, the work vehicle having a steering,
mechanism for control of a steering angle of at least one
wheel comprising the steps of:

determining an actual steering angle of the at least one
wheel:

defiming a steering angle error as a function of a com-
manded steering angle and the actual steering angle;

defining a tolerance control law to zero a steering mecha-
nism command for use when the steering angle error 1s
within a predetermined range around zero;

defiming a saturation control law to maximize the steering
mechanism command for use when the steering angle
error 15 outside a predetermined range;

defiming a dynamic control law including deadband com-
pensation, proportional, integral and derivative control
portions, and control signal limiting to produce the steer-
ing mechanism command when the steering angle error
1s within predetermined ranges;

reducing influence of the integral control portion of the
dynamic control law as a function of the steering angle
error; and

outputting the steering mechanism command to the steer-
ing mechanism to effect a steering movement to the
vehicle.

2. The method of claim 1, wherein the actual steering angle
1s within a range of error as compared to the steering angle of
the at least one wheel under certain circumstances, and the
predetermined range for the tolerance control law 1s defined
as a function of the range of error.

3. The method of claim 1, wherein the saturation control
law 1s defined as a function of estimated deadband, deadband
uncertainty and dynamic range characteristics of the steering,
mechanism, and the predetermined range for the saturation
control law 1s defined as a function of the estimated dynamic
range characteristic of the steering mechanism.

4. The method of claim 1, wherein the dynamic control law
includes a compensation gain defined as a function of esti-
mates of a steering mechanism gain and a time constant of the
steering mechamism, a compensation pole at zero, and a
double compensation zero defined as a function of the esti-
mate of the time constant of the steering mechanism.

5. The method of claim 4, wherein the estimate of the
steering mechanism gain 1s based on a linearized character-
1ization of an estimated dynamic range of the steering mecha-
nism.

6. The method of claim 1, wherein the tolerance control law
steering mechanism command 1s selected when the work
vehicle 1s removed from the automatic vehicle guidance
operation.

7. A nonlinear steering control system for a work vehicle
for use during an automated vehicle guidance operation, the
work vehicle having a steering mechanism for control of a
steering angle of at least one wheel comprising;:

a sensing system operable to determine an actual steering
angle of the at least one wheel, and output information
representative of the actual steering angle, the actual
steering angle including a range of error as compared to
the steering angle of the at least one wheel under certain
circumstances;

a vehicle guidance system operable to determine a vehicle
guidance mode and a steering angle command and out-
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put information representative of the vehicle guidance
mode and the steering angle command for control of the
at least one wheel;

a control system defining more than one control law and
operable to receive information representative of the
steering angle command and the actual steering angle,
and to compute a steering angle error as a function
thereof, the control system further operable to select a
steering mechanism command from the more than one
control law as a function of the steering angle error and
output information representative of the steering mecha-
nism command to the steering mechanism;

the control system defining a tolerance control law to zero
a steering mechanism command for use when the steer-
ing angle error 1s within a predetermined range around
Zer0;

the control system further defining a saturation control law
to maximize the steering mechanism command for use
when the steering angle error 1s outside a predetermined
range;

the control system further defining a dynamic control law
including deadband compensation, proportional, inte-
gral and derivative control portions, and control signal
limiting to produce the steering mechanism command
when the steering angle error 1s within predetermined
ranges; and

the control system further operable to reduce influence of
the integral control portion of the dynamic control law as
a Tunction of the steering angle error.

8. The control system of claim 7, wherein the saturation
control law 1s defined as a function of estimated deadband,
deadband uncertainty and dynamic range characteristics of
the steering mechanism, and the predetermined range for the
saturation control law 1s defined as a function of the estimated
dynamic range characteristic of the steering mechanism.

9. The control system of claim 7, wherein the dynamic
control law 1ncludes a compensation gain defined as a func-
tion of estimates of a steering mechanism gain and a time
constant of the steering mechanism, a compensation pole at
zero, and a double compensation zero defined as a function of
the estimate of the time constant of the steering mechanism.

10. The control system of claim 7, wherein the estimate of
the steering mechanism gain 1s based on a linearized charac-
terization of an estimated dynamic range of the steering
mechanism.

11. The control system of claim 7, wherein the tolerance
control law steering mechanism command 1s selected when
the work vehicle 1s removed from the automatic vehicle guid-
ance operation.

12. A method of nonlinear steering control of a work
vehicle during an automated vehicle guidance operation as
controlled by a digital control system with an associated
sampling frequency, the work vehicle having a steering
mechanism for control of a steering angle of at least one
wheel comprising the steps of:

determiming an actual steering angle of the at least one
wheel, the actual steering angle within a range of error
under certain circumstances as compared to the steering
angle of the at least one wheel;

defining a steering angle error as a function of a com-
manded steering angle and the actual steering angle;

determining estimates of nonlinearities of the steering
mechanism including an estimated deadband, an esti-
mated deadband uncertainty, an estimated dynamic
range, an estimated time constant over the estimated
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dynamic range, and an estimated gain based on a linear-
1zed characterization of the estimated dynamic range of

the steering mechanism;

defiming a dynamic control law including a deadband com-

pensator defined as a function of the estimated dead-
band; a proportional control portion, an integral control
portion, and a derivative control portion, each defined as
a function of the steering angle error and the sampling
frequency associated with the control system; and a
control signal limiter defined as a function of the esti-
mated deadband, the estimated deadband uncertainty,
and the estimated dynamic range of the steering mecha-
nism;

defiming a tolerance control law as a function of the range

of error of the actual steering angle, the tolerance control
law further defining the integral control portion of the
dynamic control law to a known value;

defiming a saturation control law as a function of the esti-

mated deadband, the estimated deadband uncertainty
and the estimated dynamic range characteristics of the
steering mechanism, the saturation control law further
defining the integral control portion of the dynamic con-
trol law to a known value;
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selecting a steering mechanism command from the
dynamic control law, the tolerance control law, or the
saturation control law as a function of the steering angle
error; and

outputting the steering mechanism command to the steer-

ing mechanism to effect a steering movement to the
vehicle.

13. The method of claim 12, wherein the saturation control
law maximizes the steering mechanism command when the
magnitude of the steering angle error exceeds a defined maxi-
mum dynamic error defined as a function of the estimated
dynamic range of the steering mechanism.

14. The method of claim 12, wherein the tolerance control
law zeros the steering mechanism command when the steer-
ing angle error 1s within a defined tolerance around zero, the
tolerance defined as a function of the range of error.

15. The method of claim 12, wherein the proportional gain,
the integral gain, and the derivative gain have predefined
values based on estimates of a steering mechanism gain and a
time constant of the steering mechanism.

16. The method of claim 12, wherein the tolerance control
law steering mechanism command 1s selected when the work
vehicle 1s removed from the automatic vehicle guidance
operation.
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